Lysosome is a key subcellular organelle in the execution of the autophagic process and at present little is known whether lysosomal function is controlled in the process of autophagy. In this study, we first found that suppression of mammalian target of rapamycin (mTOR) activity by starvation or two mTOR catalytic inhibitors (PP242 and Torin1), but not by an allosteric inhibitor (rapamycin), leads to activation of lysosomal function. Second, we provided evidence that activation of lysosomal function is associated with the suppression of mTOR complex 1 (mTORC1), but not mTORC2, and the mTORC1 localization to lysosomes is not directly correlated to its regulatory role in lysosomal function. Third, we examined the involvement of transcription factor EB (TFEB) and demonstrated that TFEB activation following mTORC1 suppression is necessary but not sufficient for lysosomal activation. Finally, Atg5 or Atg7 deletion or blockage of the autophagosome-lysosome fusion process effectively diminished lysosomal activation, suggesting that lysosomal activation occurring in the course of autophagy is dependent on autophagosome-lysosome fusion. Taken together, this study demonstrates that in the course of autophagy, lysosomal function is upregulated via a dual mechanism involving mTORC1 suppression and autophagosome-lysosome fusion.
Introduction
Macroautophagy (referred as autophagy hereafter) is a cellular catabolic process in response to starvation or other stress conditions whereby cellular components and organelles are engulfed into autophagosomes and eventually delivered to lysosomes for degradation [1, 2] . One critical stage of autophagy is the maturation and degradation of autophagosome, which involves fusion with endosome-lysosome to form autolysosome and degradation of the inner membrane together with its luminal contents [3, 4] . At present, biogenesis of autophagosome in the early phase of autophagy is relatively well studied [5] , whereas the molecular mechanisms controlling the late stage of autophagy, including the autophagosomelysosome fusion and the regulation of lysosomal function, remain poorly understood.
Lysosome is a subcellular organelle found in all animal cells that digests cellular debris, damaged organelles and invaded microorganisms [6, 7] . There are more than 50 soluble acid hydrolases that perform the digestive function and over 120 lysosomal membrane proteins that maintain the integrity of lysosomes and regulate lysosomal trafficking, fusion and intralysosomal pH [8, 9] . One important breakthrough in the study of lysosome is the discovery of the CLEAR (Coordinated Lysosomal Expression and Regulation) gene network and transcription factor EB (TFEB) as the master regulator of lysosome biogenesis. It is known that TFEB controls the www.cell-research.com | Cell Research Jing Zhou et al. 509 npg transcription of target genes closely related to lysosomal structure and function, including hydrolases, lysosomal membrane proteins and the V-ATPase complex [10, 11] . One unique feature of lysosome is its highly acidic environment (pH 4.5-5.0) that provides an optimal condition for its hydrolytic enzymes to perform their catalytic function [9] . In mammalian cells, the size of lysosome ranges from 0.1 to 1.0 µm, which is considered to be smaller than autophagosome (0.5 to 1.5 µm) [12] . Therefore, the autolysosome generated from the fusion of a smaller acidic lysosome with a larger autophagosome (with a neutral interior pH) would need to have certain form of functional adjustment to maintain optimal acidic pH for performing the hydrolytic function to digest the luminal contents. In fact, there is evidence suggesting that the autolysosome possesses even lower pH than lysosome upon fusion with autophagosome. For instance, LysoTracker staining has been commonly used for examining starvation-induced autophagy in the Drosophila fat body and the increased staining indicates the reduced pH in the lysosome-autolysosome [13, 14] . In yeast, glucose starvation was able to enhance the antimicrobial activity of lysosome [15] . However, at present, the functional changes of lysosome in the course of autophagy remain largely unknown. In this study, we provide evidence demonstrating the functional activation of lysosome achieved via a dual mechanism involving mTORC1 suppression and autophagosome-lysosome fusion.
Results

Induction of autophagy by starvation and mTOR inhibitors
We first examined the autophagy induced by starvation (by culturing cells in Earle's Balanced Salt Solution (EBSS)) and three different mTOR inhibitors, rapamycin, PP242 and Torin1. Rapamycin is an allosteric inhibitor of mTOR and only suppresses part of mTORC1 function, whereas both PP242 and Torin1 are catalytic inhibitors that are able to completely suppress both mTORC1 and mTORC2 via binding to ATP-binding sites [16, 17] . All treatments led to increased LC3-II protein level ( Figure  1A ) and number of the GFP-LC3 puncta ( Figure 1B) , and both are markedly enhanced by chloroquine (CQ), a lysosomotropic agent widely used to neutralize lysosomal pH and block lysosomal degradation [18] . Notably, in the presence of CQ, the LC3-II level or the number of the GFP-LC3 puncta among all treatments were rather similar. Next, we quantified the GFP fluorescence intensity in MEFs with stable expression of GFP-LC3 using flow cytometry, a method that has been established for measuring the autophagic flux/turnover [19] . Starvation, PP242 and Torin1, but not rapamycin, markedly reduced the total GFP intensity ( Figure 1C and 1D) ; and the reduction of GFP intensity was significantly reversed by CQ. We also conducted the same experiments in HeLa cells with stable expression of GFP-LC3 and observed the same trends for LC3-II protein level, GFP-LC3 puncta and levels of the GFP fluorescence intensity (Supplementary information, Figure S1A -S1D). Our data are consistent with the earlier findings that rapamycin is a relatively weaker autophagy inducer, in comparison to catalytic mTOR inhibitors [16, 20] .
Activation of lysosomal function in cells under starvation or treated with Torin1 and PP242, but not in cells treated with rapamycin
Here, we used an array of techniques to test the changes of lysosomal activity in the course of autophagy. First, significant increase of both LysoTracker and LysoSensor staining was observed in cells treated with EBSS, PP242 and Torin1, but not in cells with rapamycin for 3 h ( Figure  2A ), indicating enhanced acidification of lysosome (reduced pH). Second, the enzyme activities of lysosomal cathepsin B and L were measured. Both time-( Figure  2B ) and dose-dependent increases (Supplementary information, Figure S2A ) were found in cells treated with EBSS, PP242 and Torin1, but not rapamycin. To support the above findings, we also utilized a cell lysate-based cathepsin enzyme activity assay and generally we observed a similar trend: treatment with EBSS and PP242, but not rapamycin, enhanced cathepsin B and L enzyme activities (Supplementary information, Figure S2B ). In addition, we applied the same treatments to HeLa cells and observed the similar patterns for LysoTracker staining and cathepsin B activation (Supplementary information, Figure S3A and S3B). Bafilomycin A1 (BA) is a specific V-ATPase inhibitor and is thus able to abolish lysosomal acidification [21] . Cotreatment with BA or CQ abolished the LysoTracker or LysoSensor staining under various treatments ( Figure 2C and 2D ). As expected, BA and CQ also effectively prevented the cathepsin B activation induced by EBSS, PP242 or Torin1 ( Figure  2E ). Treatment with BA even markedly reduced the basal level of cathepsin B enzyme activity ( Figure 2E ). Finally, we measured the proteolysis rate of the long-lived protein, considered as a gold standard for lysosomal function [22] . Treatment with EBSS and PP242, but not rapamycin, markedly enhanced proteolysis, which was completely blocked by CQ ( Figure 2F ). The relative weak effect of rapamycin on lysosomal acidification (Figure 2A ), cathepsin activity ( Figure 2B ) and longlived protein degradation ( Figure 2F ) are consistent with the lower autophagic flux/turnover level shown earlier ( Figure 1D , Supplementary information, Figure S1D ). 
Activation of lysosomal function is correlated to suppression of mTORC1
Here, we aimed to test the correlation between mTOR activity and lysosomal function. To do so, we first compared the temporal pattern of the inhibitory effects of starvation and the three mTOR inhibitors on mTORC1. Starvation and two catalytic mTOR inhibitors (PP242 and Torin1) began to suppress mTORC1 from 30 min, and completely abolished mTORC1 activity at 3 h (Figure 3A) . EBSS appeared to exert its inhibitory effect on mTORC1 faster than PP242 and Torin1, especially on p-S6. Rapamycin was largely ineffective on p-4EBP1. Such observations are consistent with the current understanding that rapamycin is an allosteric inhibitor of mTOR and only suppresses part of mTORC1 function, whereas both PP242 and Torin1 are catalytic inhibitors that are able to fully suppress mTORC1 [16] .
To further establish the role of mTORC1 in regulating lysosomal function, we utilized the TSC2 knockout (KO) MEFs in which the mTORC1 is constitutively active [23] . Starvation failed to suppress mTORC1 in the TSC2-KO MEFs (no reduction of both p-S6 and p-4EBP1), whereas PP242 had the same inhibitory function in both TSC2 WT and KO MEFs ( Figure 3B ). Interestingly, EBSS failed to increase cathepsin B enzyme activity in TSC2 KO MEFs, whereas PP242 was found to be equally effective in TSC2 WT and KO MEFs ( Figure 3C ).
PP242 and Torin1 are known to block both mTORC1 and mTORC2 function [16] and mTORC2 is also defective in TSC2 KO MEFs [24] , as suggested by the reduced p-Akt (S473) level ( Figure 3B ), we next tested the possible involvement of mTORC2 in lysosomal activation. Here, we used the MEFs with deletion of Sin1, an essential component of mTORC2 as described previously [25] . The effects of EBSS, rapamycin and PP242 on mTORC1 activity were basically similar between the Sin1 WT and KO MEFs (Supplementary information, Figure S4A ). Consistently, those treatments had the same impact on lysosomal cathepsin B activation on these two cell types (Supplementary information, Figure S4B ), suggesting that the mTORC2 is unlikely to have an important role in lysosomal function.
To further establish the causative relationship between mTORC1 activity and lysosomal function, several additional experiments were performed. First, we examined whether reactivation of mTORC1 would lead to the suppression of lysosomal enzyme activity. Supplement of leucine and insulin-like growth factor-1 (IGF-1) was able to reactivate mTORC1 in starved cells, but not in cells treated with PP242 ( Figure 3D ). Consistently, addition of leucine and IGF-1 significantly reduced cathepsin B activity in starved cells, but had no effect on cells treated with PP242 ( Figure 3E ). Second, we used cycloheximide (CHX) to activate mTORC1 via suppression of de novo protein synthesis and the consequent increase of intracellular pool of amino acids (AA) [26] . The presence of CHX restored the mTORC1 activity as evidenced by both the p-S6 and p-4EBP1 in starved cells, but not in cells treated with PP242 and Torin1 ( Figure 3F ). Consistently, CHX was able to block EBSS-induced cathepsin B activation, whereas it failed to do so in cells treated with PP242 or Torin1 ( Figure 3G ). Third, we tested the changes of lysosomal function in so-called mTOR-independent autophagy. Trehalose is a natural α-linked disaccharide that was shown to induce mTOR-independent autophagy [27] . As expected, trehalose induced autophagy without suppression of mTORC1 (Supplementary information, Figure S5A -S5C). Consistently, Trehalose failed to enhance LysoTracker staining (Supplementary information, Figure S5D ) or cathepsin B activity (Supplementary information, Figure S5E ).
mTORC1 activity, rather than its lysosomal localization, is critical for its inhibitory effect on lysosome
As mTORC1 activation requires its translocation to lysosome in response to AA stimulation [28] , we examined whether mTORC1 lysosomal localization is associated with its inhibitory effect on lysosomal function. Starvation was able to reduce the amount of mTORC1 (both mTOR and Raptor) in the lysosomal fraction ( Figure  4A ), as well as the colocalization of mTOR with LAMP2 ( Figure 4B ). In contrast, treatment with both rapamycin and PP242 markedly enhanced the mTORC1 localization to lysosome ( Figure 4A and 4B). Such data are indeed in agreement with earlier reports in which mTOR inhibitors (rapamycin or Torin1) increased mTORC1 localization to lysosome [29, 30] . Second, we utilized the dominant negative (DN) form of Rag (RagB-GDP and RagD-GTP) to block mTORC1 lysosomal translocation [28] and observed the following: (i) overexpression of DN-Rag alone was able to enhance cathepsin B enzymatic activity ( Figure 4E , left panel), consistent with the decreased level of mTORC1 activity in those cells (shown in Figure  4C ); (ii) starvation was unable to further increase cathepsin B activity in cells expressing DN-Rag ( Figure 4E , right panel), due to the fact that starvation and DN-Rag have overlapping effect on mTORC1 lysosomal translocation and activity; and (iii) PP242-induced cathepsin B activation was not affected by overexpression of DN-Rag ( Figure 4E , right panel), suggesting that PP242 is able to block all mTORC1 regardless of its location (either at lysosome or in cytosol). Our data thus indicate that it is the mTORC1 activity, not the mTORC1 lysosomal localization that regulates the lysosomal function. Moreover, our data suggest that the increased lysosomal function is unlikely caused by enhanced lysosomal number or via promotion of protein trafficking to lysosome, since the LAMP1 protein level ( Figure 4A ) and LAMP2 immunostaining ( Figure 4B ), or the procathepsin D protein level ( Figure 4A ) in the lysosomal fraction remain consistent among different treatment groups.
Lysosomal activation induced by mTORC1 suppression is Atg or autophagosome dependent
It has been well established that cells deficient for either Atg5 or Atg7 are defective in autophagosome formation [31, 32] . To understand the relationship between the autophagy machinery and lysosomal activation under mTORC1 suppression, we first compared the lysosomal changes induced by starvation and mTOR inhibitors between Atg5-WT and Atg5-KO MEFs. It is indeed striking that no significant cathepsin B and L activation was observed in Atg5 KO MEFs treated with EBSS or PP242 ( Figure 5B ). To confirm our findings, we tested the effect of EBSS and PP242 on the inducible Atg5 deletion MEFs (m5-7 cells) as reported previously [33] . Consistently, EBSS or PP242 failed to enhance cathepsin enzyme activity in the absence of Atg5 (after incubation with DOX) ( Figure 5D ). Similarly, starvation and PP242 failed to enhance LysoTracker staining in Atg5-deficient cells in both systems tested (Supplementary information, Figure S6A -S6B). We also observed the same trend in primary Atg5-WT and Atg5-KO MEFs (Supplementary information, Figure S7C-S7D ). Next, we tested MEFs deficient for Atg7 and found the same pattern of responses (Supplementary information, Figure S7C-S7D) . Notably, starvation and mTOR inhibitors had similar effects on mTORC1 in cells with or without Atg5 or Atg7 ( Figure  5A , 5C, Supplementary information, Figure S7A, S7C) . Thus, our data present clear evidence that lysosome activation induced by mTOR inhibition depends on some of the key Atgs, including Atg5 and Atg7, suggesting that lysosomal activation requires autophagosome formation.
TFEB activation is necessary but not sufficient for upregulation of lysosomal function following mTORC1 suppression
It has been reported recently that mTORC1 is a key upstream kinase that directly phosphorylates TFEB and inhibits its activity [30, 34] . However, the changes of lysosomal function upon TFEB activation have not been examined. Here, starvation and PP242, but not rapamycin, were able to increase the TFEB transcriptional activity as measured by the TFEB luciferase assay ( Figure 6A ). Consistently, there was significant amount of nuclear translocation of Flag-tagged TFEB in cells treated with EBSS and PP242, but not rapamycin ( Figure  6B ). Measurement of the mRNA level of some known TFEB target genes, such as the V-ATPase subunits and LAMP1, showed the same pattern ( Figure 6C) . Next, to test the regulatory role of TFEB in lysosomal function, we carried out transient knockdown (KD) of TFEB. As shown in Figure 6D -6E, TFEB KD blocked the increase of cathepsin B and L activities induced by EBSS and PP242. Our data thus suggest that TFEB activation has an important role in lysosomal activation following the suppression of mTORC1 function. Next, to understand whether the autophagy machinery is involved in TFEB activation, we compared the effect of starvation on TFEB in Atg5 WT and KO MEFs. To our surprise, we did not observe any difference between these two cell types in terms of TFEB luciferase activity and TFEB nuclear panel (B) , and cathepsin B enzyme activity was measured as described in Figure 2B . (D) MEFs were incubated in full medium, EBSS, or full medium with PP242 (1 µM) for 2 h, followed by the addition of IGF-1 (200 nM), or Leucine (Leu, 0.2 mg/ml) or IGF1+Leu for another 2 h. (E) MEFs were treated as indicated in panel (D), and cathepsin B enzyme activity was measured as described in Figure 2B . (F) MEFs were treated with EBSS, rapamycin, PP242 or Torin1 (all at 1 µM) in the absence or presence of CHX (10 µM) for 3 h. (G) MEFs were treated as described in panel (F) and cathepsin B enzyme activity was measured as described in Figure 2B . Cell lysate was collected and subject to immunoblotting at the end of above treatment. , and then coimmunostained for LAMP2 (red) and mTOR (green). Scale bar, 10 µm. (E) HET293T cells with the same transfection and treatment as described in panel (C), and cathepsin B enzyme activity was measured as described in Figure 2B . Cell lysate was collected and subject to immunoblotting at the end of above treatment. (A) , and the cathepsin B enzyme activity was measured as described in Figure 2B . (C) Atg5 Tet-off inducible MEF cells (m5-7) were pretreated with or without doxycycline (DOX) for 4 days, then treated as indicated in panel (A). (D) Cells as described in panel (C) were treated with EBSS or PP242 (1 µM) for 3 h, and the cathepsin B enzyme activity was then measured as described in Figure 2B . Cell lysate was collected and subject to immunoblotting at the end of above treatment.
translocation in response to starvation ( Figure 6F-6G ). Such observations thus suggest that (i) TFEB activation is independent of Atg or autophagosome formation, and (ii) the activated TFEB in Atg5 KO MEFs is unable to activate lysosomal function. Therefore, we conclude that TFEB activation following mTORC1 suppression is necessary but not sufficient for the upregulation of lysosomal function.
Activation of lysosome function depends on autophagosome-lysosome fusion
As lysosomal activation is Atg5/7 dependent, we speculate that following autophagosome formation, it is the autophagosome-lysosome fusion process that has a critical role for lysosomal activation. Rab7 is a small GTP-binding protein, which is known to have an important role in lysosome biogenesis and autophagosomelysosome fusion [35, 36] . Rab7 KD led to the marked 
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After transfection with TFEB siRNA or scrambled siRNA for 48 h, cells were treated with EBSS or PP242 (1 µM) for 3 h, then cathepsin B and L activities were determined as in Figure 2B . (F) Atg5-WT and Atg5-KO MEFs were transfected with TFEB luciferase reporter vector together with Renilla luciferase vector for 48 h, cells were then treated in EBSS for 4 h. The luciferase activity was determined and presented as in panel (A). (G) Atg5-WT and Atg5-KO MEFs were first transiently transfected with the Flag-tagged TFEB for 48 h, and then treated with EBSS for 2 h. Cell lysates were collected and subjected to cytoplasm and nucleus subfraction, as described in panel (B).
reduction of Rab7 protein level in MEFs with stable expression of GFP-LC3 ( Figure 7A ) and significant reduction of colocalization of LAMP2 and GFP-LC3 induced by starvation, indicating the blockage of autophagosomelysosome fusion ( Figure 7B ). As expected, Rab7 KD reduced, although not completely prevented, the increase of cathepsin B activity ( Figure 7C ) in EBSS-treated cells. , and cathepsin B activity was determined as described in Figure 2B . Data are presented as mean ± SD from two independent experiments (**P < 0.
01, Student's t-test). (G)
Illustration showing the mechanisms mediating the activation of lysosomal function in autophagy involving the mTORC1-TFEB signaling axis and autophagsome-lysosome fusion. Cell lysate was collected and subject to immunoblotting at the end of above treatment.
thapsigargin to block the autophagosome-lysosome fusion [37, 38] . Vinblastine (left panel) or thapsigargin (right panel) markedly increased the accumulation of LC3-II in the cells under starvation (EBSS) ( Figure 7D ), and significantly reduced the colocalization of LAMP2 and GFP-LC3 ( Figure 7E ). Consistently, vinblastine or thapsigargin effectively abolished the increase of cathepsin B activity ( Figure 7F) . The above data thus support our hypothesis that lysosome activation in cells under starvation and mTOR suppression requires autophagosomelysosome fusion.
Discussion
In this study, we report a novel finding that lysosomal function is upregulated in autophagy and such a process depends on two critical factors: suppression of mTORC1 activity and occurrence of autophagosome-lysosome fusion (as illustrated in Figure 7G ). In search of the molecular mechanisms underlying lysosomal activation in autophagy, we first establish the role of mTORC1 as a negative regulator of lysosomal function. Via multiple lines of evidence, we conclude that (i) it is the mTORC1, but not mTORC2, that executes a negative role in the regulation of lysosomal function; (ii) it is the enzymatic activity of mTORC1, not its lysosomal localization, that is directly relevant to its inhibitory effects on lysosome and (iii) following mTORC1 suppression, TFEB activation is necessary but not sufficient for upregulation of lysosomal function in the course of autophagy. At present, there are some clues linking the function of mTOR with lysosomes. First, lysosomes have a critical role in mediating mTORC1 activation in response to AA via the control of mTORC1 lysosomal localization and intralysosomal AA sensing [28, 39] . Second, in cells under starvation, changes of lysosomal positioning also regulate mTOR activity [40] . Third, mTOR is required for the reformation of lysosomes at the end of autophagy [41] . Lastly, a very recent report provided the first evidence that mTORC1 on lysosomal membrane directly phosphorylates TFEB and suppresses its nuclear translocation [30] . On the other hand, mTORC1 has been well established as the key negative regulator of autophagy, via suppression of the ULK1 complex at the initiation stage of autophagy [42] . Therefore, it appears that mTORC1 not only exerts its inhibitory effect on the initiation of autophagy, but also inhibits the maturation and degradation of autophagy via suppression of lysosomal function ( Figure 7G) .
Another important mechanism underlying lysosomal activation in autophagy is autophagosome-lysosome fusion. It is known that autophagosome-lysosome fusion is a complex process involving multiple molecular machineries, including endosomal sorting complex required for transport (ESCRT) [43] , microtubules [44] , Rab7 [35, 36] , soluble N-ethylmaleimide-sensitive factor attachment protein receptors (SNAREs) [45] and the lysosomal V-ATPase [46] . In this study, blockage of autophagosome-lysosome fusion (by Rab7 KD, vinblastine and thapsigargin) was able to abolish lysosomal activation, thus suggesting that the increased acidification and cathepsin enzyme activity were likely originated from autolysosome, not lysosome per se. On the other hand, the above-mentioned mechanisms are also known to be involved in other fusion processes, including late endosome-lysosome fusion (for the formation of endolysosome) and autophagosome-late endosome fusion (for the formation of amphisome) [7, 47] . Therefore, the contribution of other hybrid organelles such as amphisome or endolysosome could not be excluded. Nevertheless, lysosome and autolysosome are believed to have a much stronger degradative capacity than endosome and amphisome [6, 12] .
Understanding the activation of lysosomal function in the course of autophagy and establishing the role of mTORC1 in this process have important implications in biology and medicine. First, the inhibitory function of mTORC1 on lysosome couples the anabolism and catabolism, and places these two opposite processes into one regulatory network. It has been known for long that suppression of de novo protein synthesis (such as by CHX) is able to inhibit lysosomal proteolysis function [48] , without knowing the exact underlying mechanisms. In our study, treatment with CHX was able to reactivate mTORC1 in starved cells ( Figure 3F ), most probably via increased intracellular pool of AA [26] and then abolished starvation-induced lysosomal activation ( Figure  3G) . Thus, our findings could well explain the fact that blockage of protein synthesis leads to the inhibition of lysosomal proteolysis via activation of mTORC1. Second, rapamycin and its analogs (temsirolimus (CCI-779), everolimus (RAD001) and deforolimus (AP23573)) are under clinical trials as cancer therapeutic agents with limited success [49, 50] . Now a new generation of catalytic mTOR inhibitors have been developed and are in clinical trials, and some preliminary evidence has shown that these new inhibitors lead to more promising clinical outcomes [51, 52] . Moreover, cancer-related changes in lysosomal composition and function have been increasingly appreciated [53] . Although still speculative, it would be of importance to evaluate whether the activation of lysosomal function is implicated in the better therapeutic efficacy of those new agents under testing. Third, our findings that the catalytic inhibitors of mTOR are able to activate lysosomal function suggest that such inhibitors might have potential therapeutic value for treatment of diseases with impaired lysosomal function such as the lysosomal storage disorder and certainly more studies are needed in this direction.
In summary, data from this study demonstrate the functional activation of lysosome in the course of autophagy via suppression of mTORC1 and autophagosomelysosome fusion ( Figure 7G ). It appears that mTORC1 has a dual inhibitory effect on autophagy by imposing a double lock: first blocking the initiation of autophagy via suppression of the ULK1 complex and then inhibiting the maturation and degradation of autophagy via suppression of lysosomal function. We believe that understanding the functional activation of lysosome and the underlying mechanisms, especially the negative regulatory effect of mTORC1 on lysosomal function, integrates the anabolic and catabolic process of the cell, expands the scope of mTORC1 function in autophagy, and offers clues for developing novel interventional strategies in diseases via modulation of lysosomal function. Future studies will be focusing on the identification of possible molecular targets of mTORC1 on lysosome.
Materials and Methods
Reagents and antibodies
The chemicals used in our experiments were: chloroquine diphosphate (CQ, Sigma, C6628), bafilomycin A1 (BA, Sigma, B1793), vinblastine (Sigma, V1377), Earles Balanced Salt Solution (EBSS) (Sigma, E2888), ATP (Sigma, A1852), Valinomycin (Sigma, V0627), bis-tris-propane (Sigma, B4679), PP242 (Sigma, P0037), rapamycin (Sigma, R8781), Torin1 (initially provided by Dr DM Sabatini and subsequently purchased from Tocris Bioscience, 4247), trehalose (Katayama Chemicals, #1489), cycloheximide (Sigma, C7698), IGF-1 (Sigma, 
Cell culture
HeLa cells with stable expression of GFP-LC3, Atg5-WT and Atg5-KO MEFs and Atg5 Tet-off inducible MEFs (m5-7) stably expressing GFP-LC3 were all kindly provided by Dr N Mizushima [33, 54] . Atg7-WT and Atg7-KO MEFs were kindly provided Dr M Komatsu [32] . TSC2-WT and TSC2-KO MEFs were obtained from Dr DJ Kwiatkowski [55] . Sin1-WT and Sin1-KO MEFs were provided by Dr B Su [25] . All cell lines were maintained in DMEM (Sigma, D1152) containing 10% fetal bovine serum (HyClone, SV30160.03) in a 5% CO 2 atmosphere at 37 °C.
Estimation of intralysosomal pH using LysoSensor and LysoTracker
The intralysosomal pH was estimated using LysoSenor and LysoTracker, following manufacturer's instructions. The fluorescence intensity was observed under a confocal microscope (Olympus Fluoview FV1000) and representative cells were selected and photographed.
Cathepsin B and L activity assay
The cathepsin B and L enzymatic activity was measured using two different methods. First, following an earlier report [56] , MEFs and HeLa cells were cultured in 24-well plates, after designated treatment, cells were further loaded with Magic Red cathepsin B or cathepsin L reagents for 15 min. Fluorescence intensities of 10 000 cells per sample were measured by flow cytometry using the FACS cytometer (BD Biosciences). Second, we used a cell lysate-based assay that has already been established in our laboratory [57, 58] . Briefly, cells were lysed in M2 buffer and the lysate and then incubated with 50 μM of the fluorogenic cathepsin B/L substrate (Z-RR-AMC or Ac-HRYR-ACC, respectively) in 100 μl 
Measurement of GFP-LC3 intensity using flow cytometry
The experiment was carried out based on an earlier report with modifications [19] . MEFs and HeLa cells stably expressing GFP-LC3 were cultured in 24-well plate overnight. After the designated treatments, the cells were then collected and the total fluorescence intensity of GFP-LC3 of 10 000 cells was measured by flow cytometry using the FACS cytometer (BD Biosciences).
Western blotting
At the end of the designated treatments, cells were lysed in Laemmli SDS buffer (62.5 mM Tris, pH 6.8, 25% glycerol, 2% SDS, phosphatase inhibitor and proteinase inhibitor cocktail). An equal amount of protein was resolved by SDS-PAGE and transferred onto PVDF membrane. After blocking with 5% nonfat milk, the membrane was probed with designated primary and secondary antibodies, developed with the enhanced chemiluminescence method and visualized with the Kodak Image Station 4000R (Kodak).
Cell fractions
Lysosome isolation was carried out according to the manufacturer's protocol from the Lysosome Enrichment Kit for Tissue and Cultured Cells (Thermo Scientific, 89839). 5 × 150 mm 2 culture dishes were used for each designated treatments before being collected and pooled together for lysosome isolation. The isolated lysosome fractions were then subjected to western blotting analysis to check the purity of the isolated lysosome and mTOR translocation. pCMV-TFEB-3X Flag plasmid was provided by Dr A Ballabio [10] . MEFs were transfected with pCMV-TFEB-3× Flag plasmid using Lipofectmine™ 2000 (Invitrogen, 11668019) for 48 h. Nuclear and cytosolic extracts were then prepared by NE-PER nuclear and cytoplasmic extraction reagents (Pierce, 78833) according to the manufacturer's protocol.
Immunofluorescence staining and confocal microscopy
GFP-LC3-expressing stable MEFs or normal MEFs were seeded to a coverglass slide chamber (Lab-Tek, NUNC, 155411), and after the designated treatments, cells were washed with PBS, then fixed with 4% paraformaldehyde in PBS for 15 min at room temperature, and permeabilized with 0.1% saponin in PBS for 15 min. Cells were washed with PBS and blocked with 1% BSA in PBS for 30 min, then incubated with primary antibodies and corresponding secondary antibodies. The cells were examined and recorded using a confocal microscope (Olympus Fluoview FV1000) and representative cells were selected and photographed.
Luciferase assays
TFEB luciferase vector was provided by Dr A Ballabio [11] . The transient transfection of TFEB luciferase vector was done in MEFs using Lipofectmine™ 2000 transfection reagent according to the manufacturer's protocols. Renilla luciferase vector was used as a transfection control. The luciferase activity was measured 48 h after transfection using a Dual-Luciferase Reporter Assay System (Promega, E1960) based on the protocol provided by the manufacturer.
Small interfering RNA (siRNA) and transient transfection
The scrambled RNAi oligonucleotides and siRNAs targeting TFEB (Dharmacon, 21425) or Rab7 (Dharmacon, 19349) were transfected into MEFs using the DharmaFECT 4 Transfection Reagent (Dharmacon, T-2001-02) according to the manufacturer's protocol. For plasmid transfection, HEK-293T or MEFs were transiently transfected with pcDNA, pRK5-HAGST RagB 54L, pRK5-HAGST RagB 99L, pRK5-HA GST RagD 77L, pRK5-HA GST RagD 121L or pCMV-TFEB-3X Flag plasmids using Lipofectamine™ 2000 according to the protocol from manufacturer.
Proteolysis of long-lived proteins
This assay was performed based on the established method [22] . Briefly, MEFs were incubated for 24 h at 37 °C with 0.2 μCi/ml L-[ 14 C] valine. Cells were then incubated in complete medium supplemented with 10 mM cold valine for 1 h, the medium was then replaced with fresh medium (MEM plus 10% of bovine serum albumin and 10 mM cold valine), and the incubation was continued for an additional 4 h. Cells then underwent designated treatments, and cells together with the radiolabeling proteins from the 4 h chase medium were precipitated in trichloroacetic acid at a final concentration of 10% (v/v) at 4 °C. Radioactivity was determined by liquid scintillation counting. Protein degradation was calculated by dividing the acid-soluble radioactivity recovered from both cells and medium by the radioactivity contained in precipitated proteins from both cells and medium.
Reverse transcription and quantitative real-time PCR
RNA was extracted with the RNeasy kit (Qiagen, 217004). A reverse transcription reaction was performed using 1 µg of total RNA with High Capacity cDNA Reverse Transcription kit (Applied Biosystems, 4368814). The mRNA expression levels were determined by real-time PCR using SsoFast EvaGreen Supermix (Bio-Rad, 172-5201) and CFX96 Touch Real-time PCR Detection System (Bio-Rad). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an internal control of RNA integrity. Realtime PCR was performed in triplicate. The primers used for GAP-DH, TFEB, ATP6V1B2, ATP6V0E and LAMP1 were based on the previous report [10] .
Statistical analysis
All western blot and image data presented are representatives from at least three independent experiments. The numeric data are presented as means ± SD from 2-3 independent experiments (each in duplicates or triplicates) and analyzed using Student's t-test. 
